The development of new catalytic asymmetric reactions can lead to exciting new strategies for organic synthesis. This article describes the synthetic utility of the combined COH activation͞Cope rearrangement, achieved by dirhodium tetraprolinate-catalyzed reaction of vinyldiazoacetates with compounds containing allylic COH bonds. The transformation is highly diastereoselective and enantioselective. The product distribution, however, is highly substrate dependent, the major side products being either direct COH activation or cyclopropanation.
T he field of chiral catalysis has experienced explosive growth over the last two decades (1, 2) . By now, many of the classic reactions of organic synthesis can be achieved in a highly asymmetric manner. One of the new frontiers for asymmetric catalysis is the discovery of new catalytic asymmetric methods that do not have an established achiral counterpart (3) . For some time we have been exploring the chemistry of donor͞acceptor-substituted rhodium carbenoids (2) as a possible source of these new catalytic asymmetric transformations (Eq. 1) (4) . Because of the presence of the donor group (typically vinyl or aryl), 2 are much more stabilized than the conventional carbenoids, which contain only electron acceptor groups (typically ester, keto, phosphonate, sulfonate, cyano or nitro) (5, 6) . Consequently, 2 undergo a range of transformations with unprecedented regioselectivity and stereoselectivity (4) .
Our studies into the chemistry of donor͞acceptor-substituted carbenoids have already led to a number of exciting methods for catalytic asymmetric synthesis. The dirhodium tetraprolinate complex Rh 2 (S-DOSP) 4 [S-DOSP is S-(N-dodecylbenzenesulfonyl)prolinate; see Eq. 2] is an exceptional chiral catalyst for these carbenoids, resulting in generally high levels of asymmetric induction (7). These methods include cyclopropanation of alkenes (Eq. 2) (8), [3 ϩ 4] cycloaddition between vinylcarbenoids and dienes (Eq. 3) (9), [3 ϩ 2] cycloaddition between vinylcarbenoids and vinyl ethers (Eq. 4) (10), and intermolecular COH activation (Eq. 5) (11) . A common feature of all of these transformations is the opportunity for the stereoselective generation of multiple stereocenters in a single step.
Intermolecular COH activation is a very exciting reaction because it represents an additional strategic reaction for organic synthesis. Complementary carbenoid versions of many of the classic synthetic reactions of organic chemistry have been achieved. ␤-Hydroxy esters, usually derived from an aldol reaction, are stereoselectively formed by COH activation ␣ to oxygen (Eq. 6) (12) .
Similarly, ␤-amino esters, classically prepared by a Mannich reaction, are obtained by COH activation ␣ to nitrogen (Eq. 7) (13) . Allylic COH activation can lead to ␥,␦-unsaturated esters, the typical products of a Claisen rearrangement (Eq. 8) (14) , or O-silylated 1,5-dicarbonyl compounds, the typical products of a Michael addition (Eq. 9) (15) . As can be seen in the illustrative examples of Eqs. 6-9, the COH activation can be highly stereoselective and a range of functionality is compatible with this chemistry.
The chemistry of vinyldiazoacetates has been rich and varied because, in addition to the highly stereoselective reactions, many unprecedented carbenoid transformations have been discovered involving the reaction at the vinylogous position to the carbenoid (10, (16) (17) (18) . In this article, we describe a further example of the vinylogous reactivity in the Rh 2 (S-DOSP) 4 -catalyzed reaction between vinyldiazoacetates 4 and cycloalkenes 3, a combined COH activation͞Cope rearrangement (Scheme 1). This leads to the highly stereoselective formation of products 5 containing two new stereocenters, including a quaternary carbon atom at the ring junction (Scheme 1) (19) . Conceptually, the reaction can be considered as complementary to a tandem Claisen rearrangement͞ Cope rearrangement (6 to 7 to 5) (20) .
We have previously communicated examples of the reaction of vinylcarbenoids with allylic COH bonds. An impressive example is the reaction of the vinyldiazoacetate 8 with 1,3-cyclohexadiene (9) to form 10 in 99% ee (Eq. 10) (21) . This reaction was used as the key step in a formal asymmetric synthesis of the antidepressant (ϩ)-sertraline (21) . Because of the unusual bond migration that occurred, the reaction was considered to be a combined COH activation͞Cope rearrangement (21) . In this article, we describe the extension of this reaction to more elaborate substrates and show that two stereogenic centers can be formed in a highly diastereoselective fashion.
To explore the possibility of controlling the diastereoselectivity of the reaction of vinylcarbenoids with allylic COH bonds, the reaction of the phenylvinyldiazoacetate 12a with methylcyclohexene (11a) was examined (Scheme 2). The Rh 2 (S-DOSP) 4 -catalyzed reaction between 12a and 11a in 2,2-dimethylbutane (2,2-DMB) as solvent resulted in the formation of two types of products. The major product was the unsaturated ester 13a, which is analogous to the product formed in the reaction of 1,3-cyclohexadiene shown in Eq. 10 (21). Remarkably, 13a is formed in Ͼ98% de and 99% ee. This transformation is potentially a very powerful method for the construction of functionalized cycloalkenes containing a quaternary carbon center. The minor product 14a was the direct COH activation product, which was formed as a mixture of two diastereomers. The enantioselectivity in the formation of the major Scheme 1.
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diastereomer of 14a was also found to be very high (97% ee). The formation of only 13a and 14a demonstrates the regioselectivity of the vinylcarbenoid chemistry because methylcyclohexene (11a) has three allylic sites but reaction at only one of the sites is involved in the formation of 13a and 14a. The ratio of 13a͞14a can be modified in favor of the combined COH activation͞Cope rearrangement product 13a by using trifluorotoluene as solvent instead of 2,2-DMB and by lowering the reaction temperature from 23°C to Ϫ20°C. The reaction can be extended to a range of 1-substituted cyclohexenes 11b-d. In each case a mixture of the combined COH activation͞Cope rearrangement product 13, and the direct COH activation product 14 is formed. The ratio of the two products depends on the structure of the substrate, but in all cases, 13 is formed as a single diastereomer in Ͼ95% ee.
The most obvious mechanism for the formation of 13 would be by a Cope rearrangement of the direct COH activation product 14. This mechanistic interpretation, however, was ruled out in our earlier studies with cyclohexadiene (21) and can also be ruled out here because there is no clear thermodynamic driving force for the conversion of 14 to 13. Under the reaction conditions both 13a and 14a are stable and indeed, on heating at 110°C in toluene it is clear that the COH activation product is thermodynamically the most stable because 13a undergoes a quantitative rearrangement to 14a (Eq. 11). In this case the product is produced in 99% ee and as a single diastereomer. The (E) alkene configuration in 14a is indicative of a Cope rearrangement occurring through a chair transition state (22) , and the drawn relative stereochemistry in 14a is the predicted stereochemistry that would be formed from such a chair transition state (22) . The rearrangement of 13a to 14a is convincing proof that the formation of 13a is not caused by a tandem COH activation͞Cope rearrangement but some form of combined reaction. Even though these results indicate that it would be possible to prepare 14a in a one-pot process by heating the crude reaction mixture of 13a and 14a, the isolation of 13a followed by its thermal rearrangement is a better process because under these conditions 14a is formed as a single diastereomer.
1-Methylcyclopentene 15 is also a suitable substrate for this chemistry (Eq. 12). Rh 2 (S-DOSP) 4 -catalyzed reaction of 15 with the vinyldiazoacetate 12a generates a 1.2:1 mixture of 16 and 17, in a combined yield of 95%. The combined COH activation͞Cope rearrangement product 16 is formed in Ͼ98% de, 96% ee, and 51% isolated yield.
Even though the combined COH activation͞Cope rearrangement product is formed in a highly stereoselective manner, controlling potential side reactions in this chemistry is still quite challenging. The competing direct COH activation is usually a fairly significant side reaction. In general, the donor͞acceptor-substituted carbenoids do not cyclopropanate trisubstituted alkenes but there are some exceptions (14) . For example, extension of the chemistry to siloxycyclopentene 18 as substrate was not successful because in this case, cyclopropane 19 was the dominant product rather than allylic COH functionalization products 20 and 21 (Eq. 13) The relative configuration of the cyclopropane 19 was determined by nuclear Overhauser effect analysis, and the absolute configuration was assigned on the basis of the predictive model developed for these cyclopropanations (8) .
An exceptional substrate for the combined COH activation͞ Cope rearrangement is the dihydropyranone 22. Rh 2 (S-DOSP) 4 catalyzed reaction of various vinyldiazoacetates resulted in high yielding reactions with a strong preference for the formation of the COH activation͞Cope rearrangement product 23 over the direct COH activation product 24 (Scheme 3). In each case the product was formed in Ͼ98% de and Ն98% ee. The relative and absolute stereochemistry of 23d was determined from its x-ray crystallographic data. The stereochemistry of all of the other COH activation͞Cope rearrangement products are tentatively assigned by analogy to the stereochemistry for formation of 23d. The subtleties of this chemistry are clearly seen in the reaction of the alkylvinyldiazoacetate 12e with 22. In this case, the combined COH activation͞Cope rearrangement product 23e is a minor product while cyclopropanation to form 25e becomes the dominant reaction pathway. The relative configuration of the cyclopropane 25e was determined by nuclear Overhauser effect analysis, and the absolute configuration was assigned on the basis of the predictive model developed for these cyclopropanations (8) .
The combined COH activation͞Cope rearrangement is an exceptional reaction, displaying spectacular levels of asymmetric induction. The mechanism is clearly not a COH activation followed by a Cope rearrangement. Both the COH activation and the Cope rearrangement need to occur during the same concerted process. This would require a very definite trajectory of approach of the trapping agent to the vinylcarbenoid and may explain why the reaction is so enantioselective. Some possibilities on how the combined COH activation͞Cope rearrangement products are formed would be by an intercepted COH activation process or by means of an ene reaction where the vinylcarbenoid reacts as a 2 system (21). At this stage, however, the mechanistic understanding of this reaction is not well developed, and further studies are needed.
In summary, these studies describe a very unusual transformation between vinylcarbenoids and compounds containing allylic COH bonds. The reactions are incredibly stereoselective and lead to useful chirons for application in synthesis. The major challenge is to develop further the factors that control the selective formation of the COH activation͞Cope rearrangement products because currently, the product distribution is very sensitive to the nature of the vinylcarbenoid and the trapping substrate.
Appendix: Experimental Material
All of the solvents are degassed with argon before use. The carbenoid reactions were run at 0.5-mmol scale unless otherwise noted. A typical procedure is the following: To a solution of 1-methyl-1-cyclohexene (11a) (0.5 mmol) and Rh 2 (S-DOSP) 4 (19 mg, 0.01 mmol) in trifluorotoluene (2 ml) was added a solution of methyl (E)-phenylvinyldiazoacetate (12a) (203 mg, 1.0 mmol) in trifluorotoluene (5 ml) at 0°C over a 45-min period via syringe pump. The solvent was then evaporated, and the residue was purified by flash chromatography on silica gel (20:1 pentane͞ether eluent) to provide 13a (92 mg, 68% yield) and 14a (23 mg, 17% yield). Other Compounds and X-Ray Structure for 23d. Synthesis and characterization of other compounds and x-ray structure data for 23d are published as supporting information on the PNAS web site.
